Klotho interferes with a novel FGF-signalling pathway and insulin/Igf-like signalling to improve longevity and stress resistance in Caenorhabditis elegans by Château, Marie-Thérèse et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Although the klotho gene was first reported to retard 
aging in mice [1, 2], human Klotho gene poly-
morphisms have been significantly linked with reduced 
longevity [3]. The human Klotho gene encodes either a 
type II transmembrane protein, consisting of two 
extracellular  β-glucosidase-like domains (KL1 and 
KL2),  or a putative secreted form, resulting  from  alter- 
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native splicing that leads to the production of a single 
KL1 domain [4]. In addition, both full KL1-KL2 
extracellular domain (130 kDa) and/or C-terminal KL1 
(68 kDa) domain have been reported to be released 
from the membrane-bound isoform by proteolytic 
cleavage that involves ADAM10 and ADAM17 
proteases [5]. While the membrane-bound Klotho 
isoform is mainly expressed in distal convoluted tubules 
of the kidney, where phosphate reabsorption occurs, the 
Klotho interferes with a novel FGF‐signalling pathway and insulin/Igf‐
like signalling to improve longevity and stress resistance in 
Caenorhabditis elegans 
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Abstract: Klotho exerts anti‐aging properties in mammals in two different ways. While membrane‐bound Klotho, which is
primarily expressed in the kidney, acts as an obligate co‐receptor of FGF23 to regulate phosphate homeostasis, secreted
Klotho,  resulting  from  the  shedding of  the  KL1‐KL2  ectodomain  into  the  bloodstream,  inhibits Insulin/IGF1  signalling.
However, the underlying molecular mechanisms are not fully understood. Here, we investigated the biological role of
Klotho in Caenorhabditis elegans.  
Two redundant homologues of the klotho gene exist in C. elegans and encode predicted proteins homologous to the β
glucosidase‐like KL1 domain of mammalian Klotho. We have used a genetic approach to investigate the functional activity
of Klotho in C. elegans. Here, we report that whereas Klotho requires EGL‐15 (FGFR) and EGL‐17 to promote longevity and
oxidative stress resistance, it is not involved in the regulation of fluid homeostasis, controlled by LET‐756. Besides revealing
a new post‐developmental role for EGL‐17, our data suggest that the KL1 form of Klotho is involved in  FGF23‐independent
FGF signalling. We also report a genetic interaction between Klotho and the DAF‐2 (Ins/IGF1R)/DAF‐16 (FOXO) pathway.
While the regulation of longevity requires functional DAF‐2/DAF‐16 signalling, the control of oxidative stress resistance
involves a DAF‐2‐ independent, DAF‐16‐dependent pathway, suggesting that Klotho may target either DAF‐2 or DAF‐16,
depending of environmental conditions. Thus, the predictive KL1 form of Klotho appears to crosstalk with both FGF and
Insulin/IGF1/FOXO pathways to exert anti‐aging properties in C. elegans. 
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as a 130 kDa polypeptide in the cerebrospinal fluid, 
blood, and urine [6, 2]. Therefore, this 130 kDa Klotho 
polypeptide has been referred as the secreted form of 
Klotho [7]. 
 
In human cells, the alternative transcript, encoding for 
the KL1 domain, predominates over the full length 
transcript encoding for the membrane-bound isoform of 
Klotho [4]. The KL1 secreted isoform has not yet been 
documented, possibly on account of a lack of KL1 
secreted isoform detection in body fluids. 
 
After a decade of extensive studies in mammals, 
different Klotho isoforms appear to play distinct 
functions. The membrane-bound isoform acts as an 
obligate co-receptor for FGF23 [8, 9] by interacting 
with Fibroblast Growth Factor Receptors (FGFRs) in 
the kidney. FGF23 is a bone-derived hormone that 
inhibits both phosphate reabsorption as well as vitamin 
D biosynthesis. Interestingly, mice lacking either 
Klotho or FGF23 exhibit a premature-aging syndrome 
[10], which reveals an unexpected link between 
phosphate metabolism and aging (reviewed in [7]). The 
secreted Klotho acts as an endocrine regulator of several 
cell surface glycoproteins, including ion channels or 
growth factor receptors, such as the insulin/Igf-like 
receptors. Moreover, the latter have been involved in 
aging control and stress resistance (reviewed in [11, 
12]). Whereas the putative sialidase activity of the 
secreted Klotho may inhibit the internalization of 
calcium TRPV5 [13] and potassium ROMK1 [14] 
channels, the mechanism by which the secreted Klotho 
isoform inhibits Ins/Igf-like receptor activity remains to 
be determined. Thus, the effects of both Klotho 
isoforms converge towards a positive modulation of 
lifespan, but the underlying molecular mechanisms are 
far from being understood.  
 
A  C. elegans lifespan extension can be achieved by 
reduced Daf-2/insulin/Igf-like signalling  [15, 16]. 
Furthermore, lifespan modulation effects have been also 
reported in worm [17, 18, 19], fly [20, 21] and mice [22, 
23] upon downregulation of the conserved insulin/Igf-
like pathway. 
 
A single FGFR (EGL-15) and two FGF ligands (LET-
756 and EGL-17) have been identified in C. elegans. 
While LET-756 plays an essential function in regulating 
fluid balance [24], EGL-17 is involved in sex myoblast 
(SM) migration [25].  Thus, two ligands can mediate 
specific functions depending on tissue-specific receptor 
isoform expression. EGL-15(5A) is predominantly 
expressed in the worm M cell lineage and is necessary 
for the gonadal chemoattraction of the migrating SM 
[25] while EGL-15(5B), which is principally localized 
in the hypodermis, is required for viability [26, 27]. 
However, despite specific phenotypes that have been 
already reported, some redundant functions have been 
reported for both LET-756 and EGL-17. For instance, 
EGL-15 activation by either LET-756 or EGL-17 is 
involved in protein degradation in C. elegans muscle 
[28].  
 
Here, we report that two Klotho gene homologues exist 
in the nematode. In addition, we present genetic 
evidence for EGL-15 (FGFR) requirement by Klotho to 
regulate longevity and oxidative stress resistance in C. 
elegans.  
 
In addition, we also examined FGFs ligands in C. 
elegans and found that between the two known EGL-15 
ligands, only EGL-17 (that is homologous to the 
mammalian FGF8 subfamily) appears necessary and 
sufficient to induce Klotho signalling. Besides the 
report of a new post-developmental and specific role for 
EGl-17 in the regulation of both aging and oxidative 
stress resistance, our results reveal an unexpected link 
between Klotho and a novel, FGF23-independent, FGF-
signalling pathway. We also report a genetic interaction 
between Klotho and the Daf-2/insulin/Igf-like signalling 
pathway.  
 
While lifespan regulation requires a functional Daf-
2/insulin/Igf-like signalling cascade, the control of 
oxidative stress resistance involves both a DAF-2- 
independent and a DAF-16-dependent pathway, 
suggesting that Klotho may target either DAF-2 or 
DAF-16, depending on environmental cues. Taken 
together, our findings strongly indicate that a predicted 
KL1 isoform of Klotho requires the FGF signalling 
pathway to crosstalk with the Daf-2/insulin/Igf-like 
pathway, in order to regulate aging and oxidative stress 
resistance, in C. elegans. 
 
RESULTS 
 
1- Genetic characterization of the two klotho genes in 
C. elegans 
 
The  C. elegans genome contains two sequences 
homologous to the mammals klotho gene  : C50F7.10   
and  E02H9.5. Although these two paralogues differ in 
their genomic organization (Figure 1A), they encode 
ORFs of similar size and appear genetically redundant, 
since no obvious function emerged from previous mass 
RNA-mediated gene interference (RNAi) assays [29]. 
In addition, a sole putative klotho gene has been 
predicted in the C. briggsae genome [30]. Considering 
that the latter species diverged from C. elegans ~100 
millions years ago, it is probable that a unique gene has 
been retained by evolution.  
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Figure 1. Characterization of Klotho in C. elegans. (A) Genomic organization of both C. elegans C50F7.10 (1,95 kb)
and E02H9.5 (2,3 kb) genes, localized on chromosome IV and III, respectively. Coding regions are indicated by boxes,
and introns are represented as lines. The corresponding ORFs share similar size (about 1,44 kb) and are organized in 8
and 7 exons for C50F7.10 and E02H9.5, respectively. (B) The predictive molecular organization of either C50F7.10 or
E02H9.5 gene products essentially consists in a sole b‐glucosidase‐like KL1 domain. Note that a KL1 form of Klotho may
be expressed either by differential splicing or post‐ translational cleavage, in mammals. (C) Alignment of alternatively
spliced  forms  of  human  and  mouse  Klotho  compared  to  both  C.  elegans  C50F7.10  and  E02H9.5  gene  products,
identified in the WormBase bank as WP: CE 04248 and WP: CE 09122, respectively. Identical amino acid residues are
highlighted. The conserved KL1 domain is underlined. Alignment was performed using the ESPript program [60]. 
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gene products (479 and 475 amino-acids, respectively) 
are 76% identical and share 32 to 34% amino acid 
identity with their mammalian counterparts. Interestingly, 
both C. elegans predicted gene products consist of a sole 
β-glucosidase-like domain that is homologous to the 
highly conserved KL1 domain of human and mouse 
Klotho proteins but that lacks a secretory signal peptide 
(Figure 1B,C).  However,  a  potential   secretion  mecha- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nism, via an endoplasmic reticulum/Golgi complex-
independent pathway, cannot be excluded. Such a 
mechanism has been described in mammals for some 
secreted FGFs [31, 32]. Furthermore, the membrane-
bound Klotho could not be observed at the surface of 
kidney cells in mammals, but only as a diffuse expression 
in the cytoplasm. In addition, a combination of both 
conventional and a novel, Klotho-dependent, secretory 
pathways has also been reported [33, 34]. 
 
2- Klotho requires the EGL-17/EGL-15 (FGF-R) 
complex to regulate C. elegans longevity 
 
To analyse the in vivo function of Klotho in C. elegans, 
we have chosen a genetic approach by using RNA-
mediated gene interference (RNAi). To circumvent the 
genetic redundancy of C50F7.10 and E02H9.5, we 
designed RNAi capable of simultaneously reducing the 
expression of both paralogues.  
 
As previously reported in mammals [1], we then 
assessed whether klotho gene knockdown can affect 
worm lifespan. As expected, N2 (wild type) worms 
showed a highly significant reduction (LogRank p < 
0.0001) of longevity when submitted to klotho RNAi, in 
comparison with control (Figure 2A; Table 1). Similar 
results were observed when the E02H9.5 (ok1830) 
knockout strain was tested in place of the N2 (wild 
type) strain, supporting the genetic redundancy of the 
two paralogues (not shown).  
 
In mammalian cells, the membrane-bound Klotho 
isoform has been reported to bind to multiple FGFRs, 
increasing their affinity to FGF23. Because of its weak 
affinity to FGF23, the secreted Klotho is not likely to 
function as a soluble co-receptor for FGF23. Whether 
this secreted Klotho product can modulate lifespan by 
interacting with FGF signalling in a FGF23 independent 
manner has not been investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A genetic interaction between Klotho and the
EGL‐17/EGL‐15 (FGFR) signalling pathway can positively
modulate  lifespan.  Adult  worm  lifespan  analysis  was
performed  at  20°C  on  RNAi  plates  as  described  in  the  text.
Animals of indicated genotype were submitted to either klotho
RNAi (solid symbol) or control L4440 vector RNAi (open symbol)
throughout  adulthood.  See  Table  1  for  corresponding
quantitative data and statistical analysis.  
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We then asked whether FGF signalling is a determinant 
in the regulation of worm lifespan by Klotho.  To avoid 
possible redundant effects of the two EGL-15 ligands, 
we first tested whether klotho gene deficiency alters 
lifespan in an egl-15 gene-dependent manner.  
 
As shown in Figure 2B and Table 1, the mean life-span 
of the egl-15  (n484) reduction-of-function allele, fed 
with either control or klotho RNAi, was clearly identical 
to N2 (wild-type) worms fed with klotho RNAi only 
(LogRank p = 0.037; p = 0.54, respectively).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Downregulation of both egl-15 and klotho genes 
reduces lifespan by a similar order of magnitude, 
strongly suggesting that the entire modulation of 
lifespan by klotho gene in worms, is mediated by the 
FGFR EGL-15. Interestingly, egl-15  (n484) has been 
reported to mimic the phenotype of an egl-17 reduction-
of-function allele [35]. On the basis of this mutant allele 
effect, we then assessed whether klotho gene deficiency 
might alter lifespan in an egl-17 gene-dependent 
mechanism. As expected (Figure 2C; Table 1), the mean 
lifespan of the egl-17 (n1377) reduction-of-function 
The  tabulated  data  show  the  average  results  of  four  to  eight  independent  RNAi  trials  at  20°C.  Worms  of  indicated
genotypes were assayed for life span by feeding on E. coli HT115 strain bacteria producing either control or klotho RNAi
(see Material and Methods). XLSTAT‐life statistical software (Addinsoft, New York, NY, USA) was used to plot survival data
by  the  Kaplan  Meier  method  and  differences  between  survival  curves  calculated  using  the  Log‐Rank  test  with  95%
confidence. 
(a) Represents the 50th percentile (the age when the survival fraction of animals reaches 0. 50). 
(b) Experiment identification code. 
(c) Probability of being identical to other life span experiment given in parentheses.  
(d) Total death scored (number of censored values). 
 
Table 1. Life span modulation by klotho requires the EGL‐17/EGL‐15 (FGFR) signalling pathway 
   
www.impactaging.com                    571                                    AGING,    September 2010, Vol.2 No.9allele, fed with either control or klotho RNAi, was 
comparable to that of N2 (wild-type) worms fed with 
Klotho RNAi only (LogRank p = 0.235; p = 0.261, 
respectively). Since either reduction-of-function of egl-
17 or klotho gene knock down can impair worm 
lifespan to a similar degree, our data indicate that EGL-
17 alone (of the EGL-15 ligands) is necessary and 
sufficient to modulate lifespan in a Klotho-dependent 
manner. Moreover, we demonstrate, for the first time, a 
specific involvement of EGL-17 for normal post-
developmental events in worm. Taken together, our 
results support genetic evidence that Klotho can signal 
via the EGL-17/EGL-15 pathway to regulate worm 
lifespan in physiological conditions.  
 
Of the two known FGFR ligands in worm, LET-756 has 
been primarily implicated in fluid balance regulation 
[24], and more recently in muscle protein degradation 
[28]. However, because of the essential function 
accomplished by LET-756, we were not able to assess 
its implication in the regulation of lifespan, but we 
cannot exclude that it does not also play a role. 
Moreover, according to our results, such a potential role 
should be independent of Klotho.  
 
3- Klotho is not involved in the worm fluid balance 
homeostasis 
 
In  C. elegans, the vital maintenance of fluid 
homeostasis is under the control of the LET-756/EGL-
15 (B) complex which activates the LET-60 (RAS) 
/MPK-1 (MAPK) pathway [36]. Such a regulatory 
pathway is reminiscent of the role of FGF23 in the 
kidney, where it regulates ionic homeostasis and, 
therefore, helps in the maintenance of global fluid 
balance. In fact, the mammalian FGF-
23/Klotho  /FGFR-1 complex has been reported to 
activate the MAP kinase pathway [8]. 
 
We then assessed for a possible link between Klotho 
and functions implicating LET-756/EGL-15. In C. 
elegans, the existence of a negative regulator of FGFR 
signalling allows genetic activation of EGL-15.  EGL-
15 (FGFR) signalling is normally attenuated by a 
receptor tyrosine phosphatase, encoded by the clr-1 
gene. Reduced CLR-1 receptor activity provokes an 
over-activation of EGL-15 (FGFR) signalling leading to 
a Clr (clear) phenotype, characterized by fluid 
accumulation within the pseudo-coelom [37]. Thus, clr-
1 mutants have proven useful for screening Soc 
(suppressor of Clr) regulators, which can reverse the Clr 
phenotype by decreasing EGL-15 signalling [35, 36]. 
 
We took advantage of the Clr model phenotype 
described above to assess whether klotho gene 
deficiency might diminish EGL-15 signalling in a clr-1 
genetic background and thus suppress, at least partially, 
the Clr phenotype. 
 
When temperature-sensitive allele clr-1(e1745) worms 
are shifted to restrictive temperature (25°C), they 
develop a Clr phenotype. We then pre-induced clr-
1(e1745) worms to either klotho or control RNAi at 
permissive temperature (15°C) before shifting them  to 
the restrictive temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Klotho gene knockdown cannot suppress the
Clr phenotype induced by genetic activation of EGL‐15.
Adult  worms  were  pre‐induced  with  either  klotho  or  control
RNAi  at  permissive  temperature  (15°C),  prior  to  being  either
maintained at 15°C or shifted to restrictive temperature (25°C)
which  allows  the  development  of  a  Clr  phenotype.  (A)
Experiments  were  conducted  in  a  clr‐1(e1745)  genetic
background. The induced Clr phenotype is characterized by both
intestine  and  gonad  floating  in  an  enlarged  fluid‐filled
pseudocoelomic  cavity.  (B)  Controls,  performed  in  a  clr‐
1(e1745);  let‐756(s2613)  reduction‐of‐function  double  mutant
show a partial suppression of Clr phenotype, independent of the
klotho gene status. 
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suppress the Clr phenotype, characterized by both 
intestine and gonad floating in an enlarged fluid-filled 
pseudocoelomic cavity. As controls, similar experiments 
were done using a clr-1(e1745); let-756(s2613) 
reduction-of-function double mutant in place of clr-
1(e1745)  mutant allele. In accordance with Borland’s 
data [36], our results show that let-756 gene activity 
reduction leads to a partial suppression of the Clr 
phenotype (Figure 3B). However, this latter observation 
appears to be independent of the klotho gene status. 
 
Taken together, our data suggest that Klotho is not 
involved in the maintenance of fluid balance in the 
nematode.  Furthermore, our observations again argue 
for a lack of interaction between Klotho and the LET-
756 ligand. 
 
4- Klotho targets the C. elegans Insulin/Igf-like/Daf-
2 receptor and requires Daf-2/Daf-16 signalling 
pathway for lifespan modulation  
 
Overexpression of Klotho in mice has been reported to 
inhibit the activation of the Insulin/Igf-like receptor [2]. 
Furthermore, loss-of-function of the worm daf-2 gene, 
that encodes for an Insulin/Igf-like receptor, can double  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
worm lifespan [38]. We therefore asked whether Klotho 
behaves in the same way, by acting as a constitutive 
Insulin/Igf-like signalling pathway repressor, in worm. 
With this in mind, we assessed whether klotho gene 
deficiency can modulate worm lifespan in a daf-2 gene-
dependent manner. Statistical analysis (Table 2) showed 
that  klotho knockdown failed to induce detectable 
lifespan modulation (LogRank p = 0.027) in a daf-2 
(e1370) genetic background (Figure 4B). However, we 
detected (Table 2) a slightly significant lifespan 
modulation (LogRank p = 0.002) when klotho 
knockdown was assessed in a daf-2 (m577) genetic 
background (Figure4C). One possible explanation for 
such a Klotho RNAi effect discrepancy between the two 
daf-2 reduction-of-function alleles assessed for lifespan 
could be differences in their daf-2 mutant class. Thus, 
while daf-2 (e1370) belongs to the daf-2 class 2-allele 
and behaves as a kinase-dead-like mutant, the daf-2 
(m577) reduction-of-function allele, which belongs to 
the daf-2 class 1-allele, is modified by a point-mutation 
in the ligand-binding site and therefore may exhibit 
residual, ligand-independent, catalytic activity [39, 40]. 
Taken together, our data argue for in vivo lifespan 
modulation by Klotho mediated by the Insulin/Igf-
like/Daf-2 receptor activity by either a ligand-dependent 
or -independent effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.  Klotho interacts with the daf‐2/daf‐16 genetic pathway for lifespan modulation. See Table 1 for legend
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diminish the recruitment of phosphatidyl-inositol 3-
kinase (PI3-kinase) regulatory subunits that normally 
leads to Insulin/Igf-like receptor activation [2]. How-
ever, to date, the direct inhibition of PI3-kinase catalytic 
activity by Klotho has not been demonstrated. We 
investigated   the  involvement  of  PI3-kinase/AGE-1  in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
worms by submitting the strong loss-of-function allele 
age-1(mg44) mutant to klotho knockdown. As shown 
(Figure 4D; Table 2) we cannot detect any significant 
(LogRank p = 0.077) lifespan variation when compared 
to control. Taken together, our results demonstrate a fully 
functional Insulin/Igf-like/PI3-kinase signalling pathway 
for worm lifespan modulation by Klotho. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Klotho targets daf‐2 gene activity and requires a functional daf‐2/daf‐16 genetic pathway for
lifespan modulation. See Figure 2 for legend and Table 2 for corresponding quantitative and statistical analysis.  
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class-mutants is believed to occur by de-repression of 
the FOXO transcription factor family member DAF-16 
[41].  Daf-16 gene products are thought to be 
permanently under negative regulation by the daf-2/age-
1 genetic pathway. Therefore, strong daf-16 loss-of-
function alleles can suppress the long-lived phenotype 
of  daf-2 mutants. We thus submitted the daf-16 
(mgDf50) deletion mutant to klotho RNAi. As expected, 
worm lifespan was not affected (LogRank p = 0.996) in 
this genetic background (Figure 4E; Table 2). This 
result makes the daf-16 gene a major output for klotho 
gene effect on worm lifespan modulation.  
 
In summary our data demonstrate that Klotho can 
significantly convert an N2 (wild type) worm lifespan 
(Figure 4A; Table 2) to a shorter one. However, since 
this negative lifespan modulation vanished when daf-2, 
age-1 or daf-16 mutants were submitted to klotho 
knockdown, we propose that Klotho de-represses DAF-
16 by constitutively down-regulating DAF-2. Therefore 
we provide here strong evidence for a direct link 
between the Insulin/Igf-like/PI3-kinase/FOXO signal-
ling pathway and klotho gene  action on lifespan  modu- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
lation in a whole organism, which then argues for an 
evolutionary conserved mechanism. 
 
5- Klotho requires functional EGL-17/EGL-15 
signalling to improve oxidative stress resistance in a 
DAF-16-dependent and DAF-2-independent 
mechanisms  
 
It has been reported that Klotho can increase oxidative 
stress resistance at the cellular and organism levels in 
mammals [42, 43]. It is also believed that FOXO 
transcription factor de-repression by Klotho-induced 
downregulation of Insulin/Igf-like signalling should 
induce antioxidant enzymes overexpression.  
 
Two antioxidant enzymes: manganese superoxide 
dismutase and catalase are known to facilitate removal 
of reactive oxygen species towards a permanent 
molecular scavenger action. Since increased resistance 
to oxidative stress has been associated with increased 
longevity in various species, including C. elegans [44], 
we then asked if Klotho may help protecting worms 
when subjected to a sub-lethal oxidative stress induced 
by Menadione [45]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  5.  Klotho  requires  a  functional  EGL‐17/EGL‐15  signalling  pathway  to  improve
oxidative stress resistance by a daf‐16‐dependent but daf‐2‐independent genetic pathway.
Adult worms of the indicated genotype were pre‐induced to either klotho or control RNAi at 20°C, then
subjected to oxidative treatment by 25mM Menadione during 72 h and their viability scored. Controls
were  performed  in  the  absence  of  Menadione.  Results  are  mean  values  +/‐  SD  of  at  least  four
independent experiments. Statistical analysis was done by a Student t‐test at *p < 0.05 signification
level. At least 100 worms were scored for each test condition. All experiments were performed at 20°C.
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of-function allele and the daf-16 (mgDf50) deletion 
mutant, fed with either control or klotho RNAi, 
displayed an increased sensitivity to oxidative stress in 
similar fashion to the N2 (wild-type) worms fed with 
klotho RNAi only. As expected, similar results were 
obtained when the egl-17(n1377) reduction-of-function 
allele was used in place of the egl-15(n484) mutant (not 
shown).  
 
These data suggest that Klotho requires functional 
EGL-17/EGL-15 signalling to improve oxidative stress 
resistance in a DAF-16-dependent manner. We further 
checked whether Klotho requires a fully functional 
DAF-2 tyrosine kinase domain to improve oxidative 
stress resistance. Surprisingly, the daf-2(e1370) loss-of-
function allele showed an increased susceptibility to 
oxidation when fed with klotho RNAi with respect to 
control RNAi. Since the functional activity of the 
tyrosine kinase domain is impaired in this class mutant 
allele, our results strongly suggest that Klotho may 
activate DAF-16 by a different pathway from the 
canonical worm DAF-2/DAF-16 signalling cascade. 
Interestingly, some reports using mammalian models 
have shown possible FOXO activation by alternative 
pathways that involve inhibition of the serum- and 
glucocorticoid-inducible kinase SGK [46] or activation 
of either the c-Jun NH2-terminal kinase (JNK) [47] or 
β-catenin [48]. 
 
DISCUSSION 
 
Here, we report the first investigation of klotho gene 
function in a non-mammalian organism. The choice of 
the nematode C. elegans was motivated by the 
evolutionary conservation, from worm to human, of the 
signalling pathways controlling both longevity and 
oxidative stress resistance. The functional activity of 
Klotho in worms was investigated using a genetic 
approach, based on the simultaneous knockdown of 
both worm klotho paralogues, coupled to an epistatic 
analysis in relevant genetic backgrounds.  
 
We first looked for a potential interaction between 
Klotho and FGF signalling, in C. elegans. Our results 
demonstrate that Klotho requires EGL-15, the single 
FGFR identified in worms, to regulate both lifespan and 
oxidative stress resistance. This suggests, at least in C. 
elegans, that the predicted KL1 isoform of Klotho may 
interact with the FGF pathway, possibly by targeting 
FGFR. Interestingly, N-glycosylation has been recently 
reported to negatively regulate EGL-15 activity in vivo 
[49]. According to our data, such a finding leads to the 
hypothesis that Klotho, via its putative sialidase 
activity, could de-repress EGL-15 by favouring the 
removal of inhibitory N-glycans. 
Then, to assess the possible involvement of a specific 
EGL-15 ligand in Klotho signalling, three lines of 
evidence allowed us to discriminate between LET-756 
and EGL-17: (i) the egl-15 (n484) reduction-of-function 
allele used here has been reported to mimic the 
phenotype of an egl-17 reduction-of-function allele 
[35]; (ii) similar results were obtained using the egl-17 
(n1377) reduction-of-function allele in place of egl-15 
(n484); (iii) Klotho did not interfere with fluid balance 
regulation controlled by LET-756.  
 
Taken together, our data demonstrate that the EGL-17 
ligand is necessary and sufficient for Klotho signalling 
expression. Since the EGL-15(5A) isoform is 
specifically recognized by EGL-17 [26, 27], a 
Klotho/EGL-17/EGL-15(5A) complex may positively 
regulate lifespan and oxidative stress resistance in 
worms.  
 
Both phylogenetic and functional studies suggest that 
EGL-17 could be included, like mammalian FGF8, -17 
and -18, in the FGF8 subfamily [50]. Interestingly, 
FGF8 may protect mammalian cultured neurones from 
oxidative stress [51]. Moreover, while a decrease in 
FGF8 signalling has been related to hypogonadotropic 
hypogonadism in human and mice [52], a similar 
syndrome was characterized in Klotho-deficient mice 
[11]. In C. elegans, EGL-17 is localized in the gonad 
where it functions as a chemo-attractant for the EGL-
15(5A)-expressing SMs, during larval development [25, 
50]. By the new involvement of a possible Klotho/EGL-
17/EGL-15(5A) complex in the control of both 
longevity and stress resistance, our results help to 
unravel a new post-developmental role for EGL-17 in 
C. elegans.  
 
The secreted Klotho is already known to inhibit both 
insulin and IGF1-induced receptor autophosphorylation, 
when applied to cultured mammalian cells [2, 53]. In 
accordance with these data, we report that Klotho 
requires a functional DAF-2 Insulin/Igf-like/Daf-16 
(FOXO) pathway for positive modulation of worm 
lifespan.  
 
We also demonstrate in a whole organism that Klotho 
may physiologically repress the tyrosine kinase activity 
of DAF-2 activated in either a ligand-dependent or -
independent manner. Although the mammalian secreted 
Klotho is believed to behave independently of FGF 
signalling, the predictive KL1 isoform of Klotho 
requires EGL-17/EGL-15(5A) to regulate longevity in 
worm. Interestingly, a signal produced by the somatic 
gonad has been reported to lengthen worm lifespan by 
inhibiting DAF-2 (Insulin/Igf-like) activity [54]. Since 
the nature of this signal is still unknown, it is tempting 
to speculate that the putative Klotho/EGL-17/EGL-
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gonad, could take part in the molecular mechanism of 
this yet unknown signalling. 
 
The secreted Klotho has also been reported to suppress 
oxidative stress in mammals [42, 43]. Indeed, the de-
repression of FOXO consecutive to the inhibition of the 
Insulin/Igf-like signalling up-regulates the expression of 
antioxidant enzymes that are known to facilitate the 
removal of reactive oxygen species. Here, we report that 
Klotho, together with EGL-17/EGL-15(5A), improves 
worm oxidative stress resistance towards a DAF-16-
dependent manner. In addition, by the use of a daf-2 
(e1370) loss-of-function allele, we report that the 
protective effects of Klotho against a potent oxidative 
stress are independent of a functional DAF-2 receptor. 
The fact that C50F7.10 was found to be overexpressed 
in daf-2 mutants [55] also supports this finding.  
 
Our results strongly suggest that Klotho may activate 
DAF-16 by a pathway that is different from the 
canonical DAF-2/DAF-16 signalling cascade in worm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interestingly, several studies have shown that FOXO 
can be activated by alternative pathways, involving the 
inhibition of the serum- and glucocorticoid-inducible 
kinase SGK [46] or the activation of, either the c-Jun 
NH2-terminal kinase (JNK) [47] or β-catenin [48]. 
 
In summary, our data suggest that Klotho could target 
either worm DAF-2 or DAF-16, depending of environ-
mental cues. Indeed, Klotho seems to constitutively 
repress DAF-2 throughout lifespan while it could also 
directly activate DAF-16 when the nematode has to 
cope with intense stress (Figure 6). Since a functional 
EGL-17/EGL-15(5A) signalling is required in all cases, 
the predicted KL1 form of Klotho appears to link FGF 
and Insulin/Igf-like pathways, in C. elegans. How these 
two pathways can crosstalk remains to be determined. A 
potential intermediate could be the adaptor protein 
SHC-1, homologue of human p52Shc, that has been 
recently reported to modulate lifespan and stress 
response in C. elegans. Indeed, SHC-1 was shown to 
repress DAF-2 by an unknown mechanism and to 
activate DAF-16 by a JNK-involved pathway [56]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. In adult worms the FGFR EGL‐15(5A) targeted for activation by the Klotho KL1 isoform can allow
EGL‐17  ligand  binding.  Under  physiological  conditions,  the  Klotho/EGL‐15/EGL‐17  complex  constitutively
represses the DAF‐2 (Insulin/Igf‐like) receptors by a still unknown pathway. Such complexes may induce DAF‐
16 (FOXO) de‐repression and subsequent overexpression of longevity factors, such as antioxidant enzymes.
When worms have to cope with a potent stress, the Klotho/EGL‐15/EGL‐17 complex may directly activate
DAF‐16 by a DAF‐2‐independent pathway (dashed line). Such activation mechanism remains to be elucidated.
.
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Strains and culture conditions.  The following strains 
were used: Wild type Bristol (N2); E02H9.5 (ok1830); 
MT1079  egl-15(n484); MT3188 egl-17(n1377); 
CB3241  clr-1(e1745); PJ1153 clr-1(e1745) [let-
756(s2613) unc-32(e189) ccls55]; CB1370 daf-
2(e1370); GR1032 age-1(mg44)/mnC1  [dpy-10(e128) 
unc-52(e444)]; GR1307 daf-16(mgDf50) which were all 
provided by the Caenorhabditis Genetics Center 
(funded by the NIH National Center for Research 
Resources). DR1567 daf-2(m577) was kindly provided 
by David Gems, University College London, UK. 
Worms were maintained at 15°C and, unless specified, 
cultured at 20°C as described previously [57]. 
 
Expression of RNAi constructs. E02H9.5 and C50F7.10 
entire ORFs were cloned from C. elegans cDNA into a 
pBluescript II KS (+/-) vector (Stratagene, La Jolla, CA, 
USA). RNAi constructs were obtained after E02H9.5 
and C50F7.10 ORFs were amplified from pBluescript II 
KS (+/-) and 1425 and 1464 bp respective fragments 
were inserted at the SmaI site of a pPD129.36 (L4440) 
vector (a generous gift of Johnathan Ewbank, CNRS, 
Marseille, France). RNAi producing bacteria were 
obtained as follows: after transformation with either 
pPD129.36, E02H9.5 or C50F7.10 RNAi construct, 
HT115 (DE3) strain bacteria were grown in LB medium 
in presence of both Ampicillin (50 μg/ml) and 
Tetracyclin (12,5 μg/ml) during 8 h, then seeded on 
NGM plates containing FUdR (98,5 μg/ml), Ampicillin 
(50 μg/ml) and IPTG (1mM) and induced overnight. 
 
RNAi feeding and lifespan assays.  Synchronized L4 
larvae fed with RNAi producing bacteria were allowed 
to grow at 20°C until death on supplemented NGM 
plates, including FUdr to avoid offspring [58]. Worms 
were examined every day for touch-provoked 
movement, dead worms were scored and worms that 
crawled off the plate or displayed extruded internal 
organs were censored. All lifespan assays were repeated 
at least three times. XLSTAT-life statistical software 
(Addinsoft, New York, NY, USA) was used to plot 
survival data by the Kaplan-Meier method and 
differences between survival curves were calculated 
using the LogRank test with 95% confidence. 
 
Real-time PCR. Synchronized N2 adult worms were fed 
with RNAi producing bacteria during 4 days at 20°C, 
total RNA was isolated and cDNAs were synthesized as 
previously described [45]. Real-time PCRs were 
performed in capillaries, using LightCycler Fast Start 
DNA Master
plus Sybr Green I kit  (Roche Diagnostics, 
Meylan, France). Primers for the reference gene TBA2 
are: Forward primer: 5’-CCTCCTCCGAATGAATGA 
AA-3’; Reverse primer:  5’-TCCGATACTGGAAACG 
GAAG-3’. Primers for E02H9.5 are: Forward primer: 
5’-ATAGGCAATATTTTGTTAGT-3’; Reverse primer: 
5’-GCTGAAGCCGCGGCCATTCA-3’. Primers for 
C50F7.10 are: Forward primer : 5’-GATATTCTGACC 
TCTTACAG-3’; Reverse primer : :  5’-ATCCCAAGT 
ACTGAATCCGC -3’. To avoid cross-amplification of 
RNA sequence present in RNAi-fed worms, both 
E02H9.5 and C50F7.10 specific forward primers were 
designed to hybridize the 5’-UTR region not included in 
the RNAi-targeted sequences. The corresponding 
reverse primers were designed to hybridize the 
boundary of the first and the second exons in order to 
prevent cross-amplification of possible contaminating 
genomic DNA. The RNA level of each gene of interest 
was normalized to the tba-2 reference gene level for 
comparison and results of three independent 
experiments were treated as described in (Pfaffl, 2001). 
As shown in Figure S1, each construct was able to 
induce a similar knockdown of both C50F7.10 and 
E02H9.5 gene expression. Thus, in this study, the 
knockdown of both paralogues, indifferently induced by 
either construct, will be referred as klotho RNAi and the 
product of either C. elegans gene will be named Klotho. 
 
Clr phenotype suppression assay.  Clr-1-suppressing 
activity was assayed in a temperature-sensitive clr-
1(e1745) background. After 4 days of RNAi treatment at 
15°C, adult worms were either maintained at the 
permissive temperature (15°C) or shifted to the restrictive 
temperature (25°C), then examined 24h later for the 
suppression of the Clr phenotype. At least 50 worms 
were examined per plate and results are representative of 
three independent experiments. Worms were 
photographed under bright-field illumination.  
 
Oxidative stress resistance assays. Menadione was used 
as a potent oxidative stress inducer, as previously 
described [45]. After 4 days of RNAi treatment at 20°C, 
adult worms from different genetic backgrounds were 
transferred onto 24-well plates (about 30 worms per 
well) containing S complete medium supplemented with 
25 mM of Menadione (Sigma-Aldrich) and transformed 
HT115 bacteria to maintain the RNAi treatment during 
the assay. Controls were performed in the absence of 
Menadione. At least four independent experiments were 
carried out for 72h at 20°C and the viability of worms 
was scored, using 1 μM SYTOX Green Nucleic Acid 
Stain (Molecular probes) to discriminate fluorescent dead 
worms. Survival histograms were analyzed with 
XLSTAT software (Addinsoft, New York, NY, USA), 
using the Student’s-t-test at *p < 0.05 signification level. 
 
ACKNOWLEDGMENTS 
 
Some nematode strains used in this work were provided 
by the Caenorhabditis Genetics Center, which is funded 
   
www.impactaging.com                   578                                  AGING, September 2010, Vol.2 No.9by the NIH National Center for Research Resources 
(NCRR). We also thank Theresa Stiernagle from 
Caenorhabditis Genetics Center. The workpackage 
program “Klotho/FGF & longévité” was supported by 
the PIR-CNRS 2008 and 2009 (Programme 
interdisciplinaire de recherches Longévité et 
Vieillissement). We are grateful to the Professor Ian 
Robbins for helpful discussion during manuscript 
edition process. 
 
AUTHORS CONTRIBUTION 
 
M-T. C: Conduced and performed cloning, sequencing 
for Klotho molecular tools.  Her work also includes 
lifespan assays, stress resistance assays, Egl phenotype 
analysis, statistical data analysis and writing 
manuscript. 
C. A.: Conducting lifespan experiments, looking for 
lifespan, assays improvements, participating in 
manuscript editing process and the experiment plans. 
  S.D.: Conducting lifespan experiments monitoring. 
Participating in manuscript editing process and the 
experiment plans. 
S.G.: Finding Klotho assessments for in C. elegans 
(june 2001). Funding Klotho research plan, participating 
in final manuscript editing process. 
 
CONFLICT OF INTERESTS STATEMENT 
 
The authors of this manuscript have no conflict of 
interests to declare.  
 
REFERENCES 
 
1.  Kuro‐o  M,  Matsumura  Y,  Aizawa  H,  Kawaguchi  H,  Suga  T, 
Utsugi T, Ohyama Y, Kurabayashi M, Kaname T, Kume E, Iwasaki 
H,  Iida  A,  Shiraki‐Iida  T,  Nishikawa  S,  Nagai  R,  Nabeshima  YI. 
Mutation  of  the  mouse  klotho  gene  leads  to  a  syndrome 
resembling ageing. Nature. 1997; 390: 45‐51. 
2. Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani 
P,  McGuinness  OP,  Chikuda  H,  Yamaguchi  M,  Kawaguchi  H, 
Shimomura I, Takayama Y, Herz J, Kahn C.R, Rosenblatt KP, Kuro‐
o  M.  Suppression  of  aging  in  mice  by  the  hormone  Klotho. 
Science. 2005; 309: 1829‐1833.  
3.  Arking  DE,  Atzmon  G,  Arking  A,  Barzilai  N,  Dietz  HC. 
Association between a functional variant of the KLOTHO gene 
and high‐density lipoprotein cholesterol, blood pressure, stroke, 
and longevity. Circ Res. 2005; 96: 412‐418. 
4. Matsumura Y, Aizawa H, Shiraki‐Iida T, Nagai R, Kuro‐o M, 
Nabeshima Y. Identification of the human klotho gene and its 
two  transcripts  encoding  membrane  and  secreted  klotho 
protein. Biochem Biophys Res Commun. 1998; 242: 626‐630. 
5. Chen CD, Podvin S, Gillespie E, Leeman SE and Abraham CR. 
Insulin stimulates the cleavage and release of the extracellular 
domain of Klotho by ADAM10 and ADAM17. Proc Natl Acad Sci U 
S A. 2007; 104:19796‐19801. 
6. Imura A, Iwano A, Tohyama O, Tsuji Y, Nozaki K, Hashimoto N, 
Fujimori T, Nabeshima Y. Secreted Klotho protein in sera and 
CSF: implication for post‐translational cleavage in release of Klotho 
protein from cell membrane. FEBS Lett. 2004; 565: 143‐147. 
7. Kuro‐o M. Klotho. Pflugers Arch. 2010; 459: 333‐343. 
8.  Kurosu  H,  Ogawa  Y,  Miyoshi  M,  Yamamoto  M,  Nandi  A, 
Rosenblatt KP, Baum MG, Schiavi S, Hu MC, Moe OW, Kuro‐o M. 
Regulation of fibroblast growth factor‐23 signaling by klotho. J 
Biol Chem. 2006; 281: 6120‐6123. 
9.  Urakawa  I,  Yamazaki  Y,  Shimada  T,  Iijima  K,  Hasegawa  H, 
Okawa  K,  Fujita  T,  Fukumoto  S,  Yamashita  T.  Klotho  converts 
canonical  FGF  receptor  into  a  specific  receptor  for  FGF23. 
Nature.  2006; 444: 770‐774. 
10. Razzaque MS, Sitara D, Taguchi T, St‐Arnaud R, Lanske B. 
Premature aging‐like phenotype in fibroblast growth factor 23 
null mice is a vitamin D‐mediated process. Faseb J. 2006; 20: 
720‐722. 
11. Kuro‐o M.  Klotho and aging. Biochim Biophys Acta. 2009; 
1790: 1049‐1058. 
12. Wang Y, Sun Z. Current understanding of klotho. Ageing Res 
Rev. 2009; 8: 43‐51. 
13. Cha SK, Ortega B, Kurosu H, Rosenblatt KP, Kuro OM, Huang 
CL.  Removal  of  sialic  acid  involving  Klotho  causes  cell‐surface 
retention of TRPV5 channel via binding to galectin‐1. Proc Natl 
Acad Sci U S A. 2008; 105: 9805‐9810. 
14.  Cha  SK,  Hu  MC,  Kurosu  H,  Kuro‐o  M,  Moe  O,  Huang  CL. 
Regulation  of  renal  outer  medullary  potassium  channel  and 
renal K(+) excretion by Klotho. Mol Pharmacol. 2009; 76: 38‐46. 
15. Kenyon C. The plasticity of aging: insights from long‐lived 
mutants. Cell. 2005; 120: 449‐460. 
16. Fontana L, Partridge L, Longo VD. Extending healthy life span 
from yeast to humans. Science. 2010; 328: 321‐326. 
17. Friedman DB, Johnson TE. A mutation in the age‐1 gene in 
Caenorhabditis  elegans  lengthens  life  and  reduces 
hermaphrodite fertility. Genetics. 1988; 118: 75‐86. 
18. Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G. daf‐2, an insulin 
receptor‐like  gene  that  regulates  longevity  and  diapause  in 
Caenorhabditis elegans. Science. 1997; 277: 942‐946. 
19.  Ayyadevara  S,  Alla  R,  Thaden  JJ,  Shmookler  Reis  RJ. 
Remarkable longevity and stress resistance of nematode PI3K‐
null mutants. Aging Cell. 2008; 7: 13‐22. 
20.  Clancy  DJ,  Gems  D,  Harshman  LG,  Oldham  S,  Stocker  H, 
Hafen E, Leevers SJ, Partridge L. Extension of life‐span by loss of 
CHICO, a Drosophila insulin receptor substrate protein. Science. 
2001; 292: 104‐106. 
21. Tatar M, Kopelman A, Epstein D, Tu MP, Yin CM, Garofalo RS. 
A mutant Drosophila insulin receptor homolog that extends life‐
span and impairs neuroendocrine function. Science. 2001; 292: 
107‐110. 
22.  Bluher  M,  Kahn  BB,  Kahn  CR.  Extended  longevity  in  mice 
lacking the insulin receptor in adipose tissue. Science. 2003; 299: 
572‐574. 
23. Holzenberger M, Dupont J, Ducos B, Leneuve P, Geloen A, 
Even PC, Cervera P, Le Bouc Y. IGF‐1 receptor regulates lifespan 
and resistance to oxidative stress in mice. Nature. 2003; 421: 
182‐187. 
24. Roubin R, Naert K, Popovici C, Vatcher G, Coulier F, Thierry‐
Mieg J, Pontarotti P, Birnbaum D, Baillie D, Thierry‐Mieg D. let‐
756,  a  C.  elegans  fgf  essential  for  worm  development. 
Oncogene. 1999; 18: 6741‐6747. 
25. Burdine RD, Chen EB, Kwok SF, Stern MJ. egl‐17 encodes an 
invertebrate  fibroblast  growth  factor  family  member  required 
   
www.impactaging.com                    579                                  AGING, September 2010, Vol.2 No.9specifically  for  sex  myoblast  migration  in  Caenorhabditis 
elegans. Proc Natl Acad Sci U S A. 1997; 94: 2433‐2437. 
26. Goodman SJ, Branda CS, Robinson MK, Burdine RD, Stern MJ. 
Alternative splicing affecting a novel domain in the C. elegans 
EGL‐15  FGF  receptor  confers  functional  specificity. 
Development.  2003; 130: 3757‐3766. 
27. Lo TW, Branda CS, Huang P, Sasson IE, Goodman SJ, Stern 
MJ.  Different  isoforms  of  the  C.  elegans  FGF  receptor  are 
required  for  attraction  and  repulsion  of  the  migrating  sex 
myoblasts. Dev Biol.  2008; 318: 268‐275. 
28. Szewczyk NJ, Jacobson LA.  Activated EGL‐15 FGF receptor 
promotes  protein  degradation  in  muscles  of  Caenorhabditis 
elegans. Embo J. 2003; 22: 5058‐5067. 
29. Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, Gotta M, 
Kanapin A, Le Bot N, Moreno S, Sohrmann M, Welchman DP, 
Zipperlen  P,  Ahringer  J.  Systematic  functional  analysis  of  the 
Caenorhabditis elegans genome using RNAi. Nature. 2003; 421: 
231‐237. 
30. Stein LD, Bao Z, Blasiar D, Blumenthal T, Brent MR, Chen N, 
Chinwalla A, Clarke L, Clee C, Coghlan A, Coulson A, D'Eustachio 
P, Fitch DH, Fulton LA, Fulton RE, Griffiths‐Jones S, Harris TW, 
Hillier LW, Kamath R, Kuwabara PE, Mardis ER, Marra MA, Miner 
TL, Minx P, Mullikin JC, Plumb RW, Rogers J, Schein JE, Sohrmann 
M, Spieth J, Stajich JE, Wei C, Willey D, Wilson RK, Durbin R, 
Waterston  RH.  The  genome  sequence  of  Caenorhabditis 
briggsae: a platform for comparative genomics. PLoS Biol. 2003; 
1: E45. 
31.  Miyakawa  K,  Imamura  T.  Secretion  of  FGF‐16  requires  an 
uncleaved  bipartite  signal  sequence.  J  Biol  Chem.  2003;  278: 
35718‐35724. 
32. Mignatti P, Morimoto T, Rifkin DB. Basic fibroblast growth 
factor released by single, isolated cells stimulates their migration 
in  an  autocrine  manner.  Proc  Natl  Acad  Sci  U  S  A.  1991;  88: 
11007‐11011. 
33. Li SA, Watanabe M, Yamada H, Nagai A, Kinuta M, Takei K. 
Immunohistochemical  localization  of  Klotho  protein  in  brain, 
kidney,  and  reproductive  organs  of  mice.  Cell  Struct  Funct.  
2004; 29: 91‐99. 
34. Imura A, Tsuji Y, Murata M, Maeda R, Kubota K, Iwano A, 
Obuse C, Togashi K, Tominaga M, Kita N, Tomiyama K, Iijima J, 
Nabeshima  Y,  Fujioka  M,  Asato  R,  Tanaka  S,  Kojima  K,  Ito  J, 
Nozaki K, Hashimoto N, Ito T, Nishio T, Uchiyama T, Fujimori T, 
Nabeshima  Y.  alpha‐Klotho  as  a  regulator  of  calcium 
homeostasis. Science. 2007; 316: 1615‐1618. 
35. DeVore DL, Horvitz HR, Stern MJ. An FGF receptor signaling 
pathway is required for the normal cell migrations of the sex 
myoblasts in C. elegans hermaphrodites. Cell. 1995; 83: 611‐620. 
36. Borland CZ, Schutzman JL, Stern MJ. Fibroblast growth factor 
signaling in Caenorhabditis elegans. Bioessays. 2001; 23: 1120‐
1130. 
37. Kokel M, Borland CZ, DeLong L, Horvitz HR, Stern MJ. clr‐1 
encodes  a  receptor  tyrosine  phosphatase  that  negatively 
regulates an FGF receptor signaling pathway in Caenorhabditis 
elegans. Genes Dev. 1998; 12: 1425‐1437. 
38. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C. 
elegans  mutant  that  lives  twice  as  long  as  wild  type.  Nature. 
1993; 366: 461‐464. 
39.  Gems  D,  Sutton  AJ,  Sundermeyer  ML,  Albert  PS,  King  KV, 
Edgley ML, Larsen PL, Riddle DL. Two pleiotropic classes of daf‐2 
mutation affect larval arrest, adult behavior, reproduction and 
longevity in Caenorhabditis elegans. Genetics. 1998; 150: 129‐
155. 
40. Patel DS, Garza‐Garcia A, Nanji M, McElwee JJ, Ackerman D, 
Driscoll  PC,  Gems  D.  Clustering  of  genetically  defined  allele 
classes  in  the  Caenorhabditis  elegans  DAF‐2  insulin/IGF‐1 
receptor. Genetics. 2008; 178: 931‐946. 
41. Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, Tissenbaum 
HA,  Ruvkun  G.  The  Fork  head  transcription  factor  DAF‐16 
transduces  insulin‐like  metabolic  and  longevity  signals  in  C. 
elegans. Nature. 1997; 389: 994‐999. 
42. Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu 
H, Miyoshi M, Ogawa Y, Castrillon DH, Rosenblatt KP,  Kuro‐o M. 
Regulation of oxidative stress by the anti‐aging hormone klotho. 
J Biol Chem. 2005; 280: 38029‐38034. 
43. Ikushima M, Rakugi H, Ishikawa K, Maekawa Y, Yamamoto K, 
Ohta J, Chihara Y, Kida I,  Ogihara T. Anti‐apoptotic and anti‐
senescence  effects  of  Klotho  on  vascular  endothelial  cells. 
Biochem Biophys Res Commun. 2006; 339: 827‐832. 
44.  Finkel  T,  Holbrook  NJ.  Oxidants,  oxidative  stress  and  the 
biology of ageing. Nature. 2000; 408: 239‐247. 
45. Araiz C, Château MT, Galas S. 14‐3‐3 regulates life span by 
both  DAF‐16‐dependent  and ‐ independent  mechanisms  in 
Caenorhabditis elegans. Exp Gerontol. 2008; 43: 505‐519. 
46. Brunet A, Park J, Tran H, Hu LS, Hemmings BA, Greenberg 
ME.  Protein  kinase  SGK  mediates  survival  signals  by 
phosphorylating  the  forkhead  transcription  factor  FKHRL1 
(FOXO3a). Mol Cell Biol. 2001; 21: 952‐965. 
47.  Essers  MA,  Weijzen  S,  de  Vries‐Smits  AM,  Saarloos  I,  de 
Ruiter  ND,  Bos  JL,  Burgering  BM.  FOXO  transcription  factor 
activation by oxidative stress mediated by the small GTPase Ral 
and JNK. Embo J. 2004; 23: 4802‐4812. 
48.  Essers  MA,  de  Vries‐Smits  LM,  Barker  N,  Polderman  PE, 
Burgering  BM,  Korswagen  HC.  Functional  interaction  between 
beta‐catenin  and  FOXO  in  oxidative  stress  signaling.  Science. 
2005; 308: 1181‐1184. 
49. Polanska UM, Duchesne L, Harries JC, Fernig DG, Kinnunen 
TK.  N‐Glycosylation  regulates  fibroblast  growth  factor 
receptor/EGL‐15 activity in Caenorhabditis elegans in vivo. J Biol 
Chem. 2009; 284: 33030‐33039. 
50. Birnbaum D, Popovici C, Roubin R. A pair as a minimum: the 
two fibroblast growth factors of the nematode Caenorhabditis 
elegans. Dev Dyn. 2005; 232: 247‐255. 
51. Mark RJ, Fuson KS, Keane‐Lazar K, May PC. Fibroblast growth 
factor‐8  protects  cultured  rat  hippocampal  neurons  from 
oxidative insult. Brain Res. 1999; 830: 88‐93. 
52. Falardeau J, Chung WC, Beenken A, Raivio T, Plummer L, Sidis 
Y,  Jacobson‐Dickman  EE,  Eliseenkova  AV,  Ma  J,  Dwyer  A, 
Quinton R, Na S, Hall JE, Huot C, Alois N, Pearce SH, Cole LW, 
Hughes V, Mohammadi M, Tsai P, Pitteloud N. Decreased FGF8 
signaling causes deficiency of gonadotropin‐releasing hormone 
in humans and mice. J Clin Invest. 2008; 118: 2822‐2831. 
53.  Wolf  I,  Levanon‐Cohen  S,  Bose  S,  Ligumsky  H,  Sredni  B, 
Kanety H, Kuro‐o M, Karlan B, Kaufman B, Koeffler HP, Rubinek 
T. Klotho: a tumor suppressor and a modulator of the IGF‐1 and 
FGF  pathways  in  human  breast  cancer.  Oncogene.  2008;  27: 
7094‐7105. 
54.  Hsin  H,  Kenyon  C.  Signals  from  the  reproductive  system 
regulate the lifespan of C. elegans. Nature. 1999; 399: 362‐366. 
55. McElwee JJ, Schuster E, Blanc E, Thomas JH, Gems D. Shared 
transcriptional signature in Caenorhabditis elegans Dauer larvae 
   
www.impactaging.com                    580                                  AGING, September 2010, Vol.2 No.9and long‐lived daf‐2 mutants implicates detoxification system in 
longevity assurance. J Biol Chem. 2004; 279: 44533‐44543. 
56. Neumann‐Haefelin E, Qi W, Finkbeiner E, Walz G, Baumeister 
R, Hertweck M. SHC‐1/p52Shc targets the insulin/IGF‐1 and JNK 
signaling pathways to modulate life span and stress response in 
C. elegans. Genes Dev. 2008; 22: 2721‐2735. 
57. Brenner S. The genetics of Caenorhabditis elegans. Genetics. 
1974; 77: 71‐94. 
58.  Mitchell  DH,  Stiles  JW,  Santelli  J,  Sanadi  DR.  Synchronous 
growth and aging of Caenorhabditis elegans in the presence of 
fluorodeoxyuridine. J Gerontol. 1979; 34: 28‐36. 
59.  Pfaffl  MW.  A  new  mathematical  model  for  relative 
quantification in real‐time RT‐PCR. Nucleic Acids Res. 2001; 29: 
e45. 
60. Gouet P, Courcelle E, Stuart DI, Metoz F. ESPript: analysis of 
multiple  sequence  alignments  in  PostScript.  Bioinformatics. 
1999; 15: 305‐308. 
 
 
 
SUPPLEMENTAL FIGURE 
 
 
 
 
   
www.impactaging.com                    581                                 AGING, September 2010, Vol.2 No.9
Figure  S1.  Targeting  for  klotho gene  expression  by  RNAi.  N2  adult  worms  were
submitted to RNAi feeding for either C50F7.10 or E02H9.5 gene knockdown. The relative mRNA
levels  for  each  gene  were  quantified  using  LightCycler  software  (Roche  Diagnostics).  After
normalization to the mRNA level of tubulin (TBA2), results were treated as described in [59] and
expressed as mean + standard error of the mean (SEM) from three independent experiments. 